Genome sequence of the lytic bacteriophage P1201 from Corynebacterium glutamicum NCHU 87078: Evolutionary relationships to phages from Corynebacterineae  by Chen, Chang-Lin et al.
Virology 378 (2008) 226–232
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roGenome sequence of the lytic bacteriophage P1201 from Corynebacterium
glutamicum NCHU 87078: Evolutionary relationships to phages
from Corynebacterineae
Chang-Lin Chen a, Tzu-Ying Pan a, Shu-Chen Kan a, Yi-Chia Kuan a, Lian-Yu Hong a, Kun-Ruei Chiu a,
Ching-Sen Sheu b, Jui-Sen Yang c, Wen-Hwei Hsu a, Hui-Yu Hu d,⁎
a Institute of Molecular Biology, National Chung Hsing University, Taichung 402, Taiwan
b Vedan Enterprise Co., Shalu, Taichung 433, Taiwan
c Department of Life Science, National Taiwan Ocean University, Keelung 202, Taiwan
d Department of Food and Nutrition, Hungkuang University, Shalu, Taichung 433, Taiwan⁎ Corresponding author. Fax: +886 4 2631 9176.
E-mail address: huiyu@sunrise.hk.edu.tw (H.-Y. Hu).
0042-6822/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.virol.2008.05.027a b s t r a c ta r t i c l e i n f oArticle history: P1201 is a lytic corynephag
Received 7 December 2007
Returned to author for revision
9 April 2008
Accepted 21 May 2008
Available online 3 July 2008
Keywords:
Corynebacterium glutamicum
Corynephage
Lytic phage
Complete genome sequence
Sequence analysise of Corynebacterium glutamicum NCHU 87078. Its genome consists of a linear
double-stranded DNA molecule of 70,579 base pairs, with 3′-protruding cohesive ends of ten nucleotides.
We have identiﬁed 69 putative open reading frames, including three apparent genes (thymidylate
synthase, terminase, and RNR α subunit genes) that are interrupted by an intein. Protein-splicing activities
of these inteins were demonstrated in Escherichia coli. Three structural proteins including major capsid
and major tail proteins were separated by SDS-PAGE and identiﬁed by both LC-MS-MS and N-terminal
sequence analyses. Bioinformatics analysis indicated that only about 8.7% of its putative gene products
shared substantial protein sequence similarity with the lytic corynephage BFK20 from Brevibacterium
ﬂavum, the only corynephage whose genome had been sequenced to date, revealing that the P1201
genome is distinct from BFK20. The mosaic-like genome of P1201 indicates extensive horizontal gene
transfer among P1201, Gordonia terrae phage GTE5, mycobacteriophages, and several regions of Coryne-
bacterium spp. genomes.
© 2008 Elsevier Inc. All rights reserved.IntroductionCorynebacterium belongs to a sub-order group of Gram-positive
microorganisms called Corynebacterineae which also includes the
genera Gordonia, Nocardia, Rhodococcus, Mycobacterium, and other
phylogenetically related genera (Gurtler et al., 2004). A conserved
feature of the vast majority of genera, species, and strains grouped in
this sub-order is the presence of an outer membrane-like cell wall
structure containingmycolic acid esters (Daffe, 2005). Manymedically
relevant Corynebacterium species have been isolated from human
clinical samples and animals. In addition, corynebacteria are found in
various habitats such as soil, sediment, and agricultural products.
Corynebacterium glutamicum is a nonpathogenic, soil bacteriumwhich
is extensively used by industry to produce a variety of amino acids and
nucleotides at high yields from sugar substrates.
Bacteriophages of corynebacteria pose great threat to industrial
fermentations. Infection leads to the lysis of cells, which interrupts the
fermentation process and thereby causes important economic losses.
Virulent corynephages have been isolated from C. glutamicuml rights reserved.(Bourque et al., 1989; Daffe, 2005; Koptides et al., 1992; Sonnen et
al., 1990; Trautwetter et al., 1987). Temperate corynephages are also
found in industrially important C. glutamicum strains (Ozaki et al.,
1984). Recently, four potential prophages of different sizes were
revealed in the genome of C. glutamicum ATCC 13032 (Kalinowski et
al., 2003). However, the successful induction of a prophage from this
type strain has not been reported. Therefore, the relationship between
the presumed prophage and the known virulent corynephages
remains unclear. Genomic sequences of lytic corynephages will pro-
vide valuable insights regarding the phage-host interaction and bac-
teriophage evolution, which will undoubtedly be utilized for
developing long-term phage-resistant strains.
Recently, a complete genomic sequence for the lytic phage
BFK20 of the industrial lysine producer, Brevibacterium ﬂavum CCM
251 was reported (Bukovska et al., 2006). The genome of BFK20
contains a linear double-stranded DNA molecule with 42,968 bp,
and it is the ﬁrst corynephage whose genome had been completely
sequenced. In the present investigation, lytic corynephage P1201
was isolated from C. glutamicum NCHU 87078 that was infected by
phages during an industrial fermentation for glutamic acid pro-
duction. Here we report the genome sequencing and annotation of
the P1201 genome.
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General characteristics of P1201 genome sequence
Electron micrographic studies of P1201 virion revealed that it
belongs to the Siphoviridae family (B1 morphotype) with an isometric
head 52 nm wide, and a 321 nm non-contractile striated tail (Fig. 1B).
The genome was determined to be 70,579 bp in length with 3′
protruding, single-stranded cohesive ends of 10 nt. The cos site was
assigned to a 10-bp sequence 3′-CGTGGCTTCC and GCACCGAAGG-3′.
The average G+C content of P1201 was 50.9%, slightly lower than those
of C. glutamicum ATCC 13032 (53.8%) (Kalinowski et al., 2003) and
corynephage BFK20 (56.2%) (Bukovska et al., 2006). The basis for the
characterization of potential open reading frames (ORFs) was an ATG or
GTG start codon with a Shine–Dalgarno sequence 3 to 15 bp upstream,
and a minimum coding capacity of 40 amino acid residues. ORFs
without a Shine–Dalgarno sequence were included if they showed
predicted amino acid similarity to GenBank database entry. Bioinfor-
matics showed 69 putative protein coding regions on the P1201 genome
covering about 80% of the sequence, indicating few intergenic regions.
Only 22 out of 69 ORFs of the P1201 proteome could be assigned to
biological function (Table 1), whereas 12 displayed homologies to ORFs
of unknown functions and 35 had no homolog in the databases. The
majority of predicted P1201 proteins thus lacked strong similarity to the
proteins in the database. One possibility is that few C. glutamicum
phages have been analyzed in detail.
The P1201 genome is organized into four clusters containing genes
for DNA packaging and head assembly (ORF15~ORF21), tail assembly
(ORF26~ORF34), host cell lysis (ORF38~ORF39), and DNA replication
and metabolism (ORF40~ORF56) (Fig. 2). Most proteins encoded by
putative ORFs of corynephage P1201 displayed similarity to those of
mycobacteriophages, whereas only six putative ORFs shared high
sequence identity with the corynephage BFK20 (Table 1). Six ORFs
encoding putative products of antirepressor, thymidylate synthase,
lysin, phosphoesterase, and both ribonucleotide reductase α- and β-
subunits showed high identity to products of C. glutamicumFig. 1. (A) SDS-PAGE analysis of P1201 structural proteins. Lane 1, molecular weight mar(Kalinowski et al., 2003), the host of P1201. The GCG Terminator
Program identiﬁed a putative Rho-independent stem-loop terminator
(5′-AACCCCCTACCTTAATTGGTAGGGGGTT-3′) situated in the inter-
genic region between ORF39 and ORF40.
Structural proteins
SDS-PAGE analysis of phage P1201 indicated three major proteins
(Fig.1A, bands D, I, and N) and at least 11minor proteins. Comparison of
the N-terminal sequences of the major proteins to the predicted ORFs
identiﬁed the corresponding structural genes. The N-terminal sequence
(KNTVS) of the most abundant protein, (band D, ~45.6 kDa) was linked
to ORF21 (40 kDa) encoding a predicted proteinwith 31% identity to the
putative major capsid protein of Gordonia terrae phage GTE5 (Table 1).
The protein in band I (~32 kDa) contained AVFDDLNEVKANL, which
corresponds to ORF26 (24.6 kDa), a protein showing 46% identity to the
putative major tail protein from G. terrae phage GTE5. The VYSPNQPS
sequence of protein in band N (~15.0 kDa) corresponds to ORF20
(16.0 kDa) and has no similarity to proteins in GenBank. The initiating
methionine of these three proteins was removed during protein
maturation resulting in proteins starting at the second amino acid.
SDS-PAGE (Fig. 1A) and LC-MS-MS analyses of P1201 structural
proteins indicated that minor proteins in bands E, F, J, L, and M were
derived from band D (gp 21), while minor proteins in bands J and M
were the cleaved products of band I (gp 26). Heating T4 phage gp23 in
SDS sample buffer before electrophoresis causes slow cleavage of Asp–
Pro peptide bonds (Robinson et al., 1988). P1201 gp21 contains four
Asp–Pro dipeptides at positions 172–173, 176–177, 286–287, and 289–
290, and gp26 contains one at position 166–167. Cleavage of gp21 and
gp26 at these positions could generate products with sizes similar to
the minor protein bands in Fig. 1A.
Bioinformatic analysis of gene products
The gene cluster for DNA replication and metabolism stretched
from gene 40 to 56. However, one putative gene for nucleotidekers. Lane 2, protein proﬁle of P1201. (B) Electron micrograph of P1201. Bar, 50 nm.
Table 1
P1201 ORFs, gene products, and functional assignments
ORF MW (kDa) No. of aa
(% Identity)
Putative RBS (spacer)a E value Predicted function (domain) Signiﬁcant match(es)
1 21.7 146 (26) AGGAG(6) 6e−08 Unknown Mycobacteriophage Tweety gp1
2 4.3 GAGG(7) None
3 15.7 AGGAG(6) None
4 34.4 266 (37) AGGAG(11) 2e−32 Antirepressor (pfam02498) Putative antirepressor of C. glutamicum R Putative antirepressor of
bacteriophage phiAT3
5 7.3 AGGAG(4) None
6 7.8 GGAG(3) None
7 8.0 GGAG(3) None
8 43.9 GGAG(15) None
9 16.9 AGGAG(7) None
10 17.3 AGGAG(5) None
11 26.1 AGGAG(5) None
12 67.9 201 (44) GGAGG(9) 1e−36 Thymidylate synthase Thymidylate synthase of M. tuberculosis H37Rv
12.1 38.4 382 (29) 8e−33 Inteinb Intein in MCM family protein of M. marisnigri JR1
13 15.6 AGGAG(6) None
14 6.8 48 (54) AGGAG(5) 3e−05 HNH endonuclease (pfam07463) Putative endodeoxyribonuclease of bacteriophage phiAT3
15 9.5 75 (30) NDc 8e−04 Small terminase TerS GTE5p003 of G. terrae phage GTE5
16 103.0 559 (44) GAGG(10) 5e−126 Large terminase (pfam03354) TerL GTE5p004 of G. terrae phage GTE5
16.1 39.6 329 (23) 2e−09 Inteinb DnaB intein of Rhodothermus marinus (Liu and Hu, 1997)
17 61.0 510 (35) GGAGG(5) 2e−74 Portal protein Putative portal protein GTE5p005 of G. terrae phage GTE5
18 50.2 453 (29) AGGGG(6) 1e−33 Unknown Hypothetical protein GTE5p006 of G. terrae phage GTE5
19 18.9 AGGAG(6) None
20 16.0 Structural proteinb None
21 40.0 357 (31) AGGAG(5) 6e−40 Major capsid proteinb Putative main capsid protein GTE5p009 of G. terrae phage GTE5
22 16.6 GGAGG(5) None
23 15.7 GAGG(9) None
24 21.5 GAGG(15) None
25 17.3 AGGAG(5) None
26 24.6 224 (46) GGAGG(4) 1e−45 Major tail proteinb Putative main tail subunit GTE5p015 of G. terrae phage GTE5
27 7.7 AGGA(8) None
28 57.8 358 (57) ND 4e−80 Tail ﬁber protein Corynephage BFK20 gp22
104 (56) 1e−09 Putative tail ﬁber protein of E. coli 101–1
29 12.2 113 (40) AGGAG(7) 4e−16 Unknown Corynephage BFK20 gp23
30 16.2 114 (30) GAGG(13) 3e−07 Unknown Corynephage BFK20 gp23
31 12.7 111 (28) AGGAG(6) 3e−05 Unknown Hypothetical protein GTE5p018 of G. terrae phage GTE5
108 (29) 5e−05 Hypothetical protein GTE5p017 of G. terrae phage GTE5
32 228.8 629 (28) AGGAG(5) 2e−34 Tape measure protein (pfam00062) Corynephage BFK20 gp15 (tail measure protein)
730 (20) 5e−28 Putative tail protein GTE5p019of G. terrae phage GTE5
33 33.6 311 (29) AGGAG(5) 2e−25 Unknown Hypothetical protein GTE5p020 of G. terrae phage GTE5
34 61.1 528 (26) AGGAG(5) 9e−37 Tail-associated protein Hypothetical protein GTE5p021 of G. terrae phage GTE5
288 (24) 4e−05 Corynephage BFK20 gp18 (putative tail assoc. protein)
35 18.4 126 (31) AGGAG(5) 2e−05 Unknown Hypothetical protein GTE5p022 of G. terrae phage GTE5
36 15.3 AGGAG(8) None
37 49.8 434 (23) AGGAG(10) 4e−17 Unknown Corynephage BFK20 gp20
38 55.4 200 (41) AGGA(9) 3e−27 Lysin Putative lysozyme GTE5p029 of G. terrae phage GTE5
39 13.0 79 (31) AAGG(7) 9e−04 Holin Putative membrane protein of C. diphtheriae NCTC 13129
40 97.9 923 (27) GAGG(6) 3e−58 DNA primase (pfam03288) Mycobacteriophage Barnyard gp108 (DNA primase)
41 9.4 AGGAG(5) None
42 24.2 188 (36) GAGG(7) 4e−19 Unknown Mycobacteriophage P-Lot gp70
43 52.3 474 (31) AGGAG(6) 1e−49 DNA polymerase III alpha subunit Mycobacteriophage Barnyard gp80 (DNA polymerase III
alpha subunit)
44 72.7 AGGA(13) 1e−122 DNA polymerase III alpha subunit Mycobacteriophage Barnyard gp80 (DNA polymerase III
alpha subunit)
45 25.3 208 (37) AGGAG(6) 2e−27 Phosphoesterase Probable metallophosphoesterase (gp66) of Rhodococcus sp. RHA1
46 6.6 GGAG(5) None
47 9.1 GAGG(6) None
48 10.9 GAGG(7) None
49 22.5 GAGG(6) None
50 28.7 180 (37) GAGG(4) 6e−20 Unknown Mycobacteriophage P-Lot gp75
51 8.5 AGGAG(9) None
52 43.5 385 (39) AGGAG(4) 4e−64 Unknown Mycobacteriophage P-Lot gp57
53 73.4 575 (36) GGAG(5) 1e−83 Helicase Mycobacteriophage Barnyard gp65 (helicase)
54 27.0 236 (51) ND 5e−61 Ribonucleotide reductase beta subunit
(pfam00268)
RNR beta subunit of C. glutamicum ATCC 13032 (Ikeda and Nakagawa,
2003)
55 10.8 AGGAG(5) None
56 96.8 704 (55) AGGAG(4) 0.0 Ribonucleotide reductase alpha subunit
(pfam02867)
RNR alpha chain of C. glutamicum ATCC 13032 (Ikeda and Nakagawa,
2003)
56.1 17.8 109 (47) 1e−23 Inteinb Intein in RNR large subunit of bacteriophage SPBc2 (Lazarevic, 2001)
57 8.6 GAGG(4) None
58 13.7 AGGAG(4) None
59 10.4 GAGG(8) None
60 15.6 AGGAG(5) None
61 16.9 AGGAG(6) None
62 10.4 178 (29) GAGG(15) 3e−14 Surface protein Surface protein of Streptococcus agalactiae 527.25
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Table 1 (continued)
ORF MW (kDa) No. of aa
(% Identity)
Putative RBS (spacer)a E value Predicted function (domain) Signiﬁcant match(es)
63 16.2 104 (36) ND 6e−05 Unknown Mycobacteriophage Wildcat gp163
64 9.4 GGAG(5) None
65 19.4 AGGA(6) None
66 17.9 AGGA(6) None
67 11.0 AGGA(6) None
68 23.0 AGGA(9) None
69 7.1 GGAG(6) None
a Putative ribosome binding site, nucleotides complementary to the sequence 5′-CCUCCUUUC-3′ at the 3′ end of the C. glutamicum 16S rRNA (Martin et al., 2003); spacer, the
number of nucleotides between the proposed ribosome binding site and the initiation codon.
b Experimentally determined.
c ND, not detected.
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homologous to thymidylate synthase of Mycobacterium tuberculosis
H37Rv but has an intein (Gogarten et al., 2002) integrated at residues
89–433. The P1201 gene products involved in DNA metabolism
exhibited higher similarity to bacteria than to other phages. This is in
agreementwith the view that the genes for nucleic acidmetabolism in
marine cyanophages show extensive similarity with marine cyano-
bacteria (Chen and Lu, 2002; Rohwer et al., 2000). ORFs 40, 43, 44, and
45 were predicted DNA replication proteins.
ORF15 and ORF16 are candidates for putative small and large
terminase subunits, respectively (Table 1). ORF16 contains a conserved
protein domain pfam03354, and groups with the COG4626 (phage
terminase-like protein) family (Schouler et al., 1994). An intein
domain belonging to COG1372 (intein/homing endonuclease in DNA
replication, recombination, and repair) was integrated into ORF 16.
Analysis of the protein encoded by ORF26 through ORF34 sug-
gested that this region of the genome is involved in the phage tail
structure and assembly (Table 1). ORF32 encoded the largest protein
(2127 residues) in the genome, which showed strong similarity to
putative tape measure protein (TMP) of corynephage BFK20. Accord-
ing to the tail length as determined by the alpha helix (Katsura, 1987),
the length of P1201 TMP was calculated to be 319 nm. Therefore, the
relationship between observed tail length (~321 nm) and TMP size is
reasonable.
CDD analysis showed that ORF32 had two domains. The transgly-
cosylase SLT domain (pfam00062) may facilitate tail penetration
through the peptidoglycan layer (Pedersen et al., 2000). A TMHMM
search indicates that the second domain contains six potential
transmembrane helices and groups with COG5412, phage-related
protein of unknown function.
For P1201, cell lysis most probably relies on ORFs 38 and 39. ORF38
is a likely candidate for the lysin that degrades the cell wall, and
ORF39, the holin that helps the lysin cross the cell membrane. CDD
analysis showed that ORF38 has a domain similar to glycoside
hydrolase family 19 chitinase domain (cd00325), which is grouped
to COG 3179 with the predicted chitinase activity. To ascertain
whether ORF38 actually codes for an enzyme with chitolytic activity,
the gene was cloned into the BamH1-Pst1 sites of pQE30 and the
recombinant was transformed into E. coli NovaBlue. After induction by
1.0 mM IPTG at 30 °C for 6 h, a ~55 kDa protein was observed after
SDS-PAGE (data not shown). This size agrees well with the calculated
mass of the ORF38 protein (55.4 kDa). The recombinant protein in the
crude extract was puriﬁed by nickel-chelate chromatography.
The puriﬁed protein had speciﬁc activities of 30 mU mg−1 and
8.9 mU mg −1 on crab chitosan and ethylene glycol chitin (EGC), re-
spectively. When EGC was used as substrate, the major catalytic pro-
ducts were GlcNAc, (GlcNAc)2, and (GlcNAc)3 (Fig. 3), indicating that
ORF38 encodes a protein with chitosanase and chitinase activities.
The predicted protein of ORF4 contained two conserved domains.
The N terminus belonged to BRO family, and might be a DNA binding
protein inﬂuencing host DNA replication or transcription (Zemskov etal., 2000). The C terminal domain displayed homology to COG3617
(prophage antirepressor).
tRNA
Four tRNA-like sequences were found to be clustered in the DNA
replication and metabolism region of P1201 genome (Fig. 2). tRNA-Arg
(CCU), tRNA-Trp (CCA), and tRNA-Arg (UCU) show high similarities to
tRNA-Arg of Agrobacterium tumefaciens (E=8e−10), tRNA-Trp sequence
of Buchnera aphidicola (E=8e−07), and tRNA-Arg of Thermus thermo-
philus phage YS40 (E=8e−07). tRNA-Gly (UCC) had no similarity to
tRNAs in the database. Three tRNAs from disparate sources and one
with unique sequences illustrates the highly mosaic genome of P1201.
Intein in genome
No intein was reported in the genome sequence annotation of C.
glutamicum (Ikeda and Nakagawa, 2003). However, the present
study showed three putative inteins (CP1201 ThyX, CP1201 Ter, and
CP1201 RIR1) in ORFs 12, 16, and 56. Intein- and intron-encoded thyX
genes have been found in the chromosome of Trichodesmium
erythraeum (Liu and Yang, 2004) but ORF12 is the ﬁrst phage thy
gene found to contain an intein. Comparative analysis of intein
sequences reveals the motifs used to identify and characterize
inteins (Gogarten et al., 2002). CP1201 ThyX had motifs blocks A, B, F,
and G, belonging to the mini-intein, whereas CP1201 Ter1 and
CP1201 RIR1 had another four conserved motifs (blocks C, D, E and
H) and belongs to the large-intein. All contained the conserved Cys at
the N-terminal splice site and Asn at the downstream splice
junction. To determine the protein splicing activity of the inteins,
the N- and C-termini of ORFs 12, 16, and 56 were fused to a His6-tag
by cloning into the BamHI and XhoI sites of pET28b, respectively.
Plasmids containing recombinant ORFs were transformed into E. coli
BL21 (DE3) and induced with 1.0 mM IPTG at 30 °C for 6 h. Analysis of
the proteins from IPTG-induced cells by both SDS-PAGE (Fig. 4A) and
Western blot (Figs. 4C and D) reveals three prominent bands
representing inteins with apparent molecular masses of approxi-
mately 38 kDa, 37 kDa, and 18 kDa. These sizes compare well with
the expected sizes of the inteins (CP1201 ThyX: 36 kDa, CP1201 Ter:
40 kDa, CP1201 RIRI: 19 kDa). Three exteins with expected sizes of
32 kDa from ORF12, 63 kDa from ORF16, and 78 kDa from ORF 56
were also observed (Figs. 4A and B). The splicing activity of ORF 56 is
higher than those of ORFs 12 and 16.
Although genes homologous to ORFs 12 and 56 are found in C.
glutamicum (Kalinowski et al., 2003) and mycobacteriophages
(Pedulla et al., 2003), they do not contain an intein. CP1201 ThyX in
ORF12 is similar to the predicted intein of the hypothetical protein
(ZP_00672785) of the oceanic N2-ﬁxing cyanobacterium T. erythraeum
IMS101 and the intein in MCM family protein of Methanoculleus
marisnigri JR1. This phenomenon suggests that CP1201 ThyX is
involved in horizontal genetic exchange and supports the view that
Fig. 2. Schematic representation of the dsDNA genome of P1201. ORFs are numbered consecutively from left to right and indicated by arrows pointing in the direction of transcription.
The upper line provides a scale in nucleotides for the 70,579 bp genome. ORFs with putative functions aremarked by a solid arrow and name. Dot arrow, cos site; open circle, putative
Rho-independent terminator.
Fig. 3. HPLC analysis of the products from EGC hydrolyzed by puriﬁed recombinant
gp38. (A) N-acetyl chitooligosaccharide standard: 1, GlcNAc; 2, (GlcNAc)2; 3, (GlcNAc)3;
4, (GlcNAc)4; 5, (GlcNAc)5. Reaction mixtures (400 μl) containing 0.25% EGC inMcllvaine
buffer (pH 6.8) without recombinant gp38 (B) andwith 1.17mg of recombinant gp38 (C)
were incubated at 37 °C for 24 h.
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phages (Tang et al., 2002).
Phage evolution
Genera Gordonia, Corynebacterium and Mycobacterium are mem-
bers of the Corynebacterineae (Arenskotter et al., 2004). We found that
19, 13, and 6 out of the 34 genes with identiﬁable homologs in P1201
genome were shared by mycobacteriophages, G. terrae phage GTE5,
and corynephage BFK20, respectively (Table 1). It is reasonable to
assume that extensive horizontal exchange of genetic material might
have occurred between these phages. P1201 phage differed substan-
tially from BFK20 in genomic size (70,579 bp vs. 42,968 bp), making
direct comparisons difﬁcult. Only six ORFs of the P1201 tail region
shared considerable high amino acid identity (23~57%) but low
nucleotide sequence homology (0~51.45%) to those of the BFK20
(Bukovska et al., 2006), clearly showing P1201 to be a distant relative
of BFK20 and suggesting that they are probably members of distinct
evolutionary phage lineages. Based on protein–protein comparisons,
P1201 is closer to G. terrae phage GTE5 than to corynephage BFK20. A
substantial similarity among proteins and a similar gene order, not
only in the tail region (ORF26 to ORF35) but also in the region for
packaging and head assembly (ORF15 to ORF21), were found (Table 1).
However, no other sequence similarity is present. It is quite likely that
the genes for head and tail morphogenesis were acquired horizontally
by one or both phages. Since the codon usage of P1201 is somewhat
different from that of C. glutamicum, in evolutionary terms, P1201may
have only recently became a phage of C. glutamicum.
Materials and methods
Bacterial strains, media and culture conditions
Lytic corynephage P1201 was isolated from C. glutamicum NCHU
87078, a glutamic acid hyperproducing strain, that had been infectedby a phage during an industrial fermentation. C. glutamicum was
grown in CM medium (1% peptone, 1% yeast extract, 1% glucose and
0.25% NaCl; pH 7.2) and TYG medium (1% tryptic peptone, 0.6% yeast
Fig. 4. Protein splicing of CP1201ThyX, CP1201Ter and CP1201RIRI inteins. The precursor proteins from recombinant ORF12, 16 and 56 contains intein CP1201ThyX, CP1201Ter and
CP1201RIRI, respectively. Top: schematic illustration of the protein construct consisting of extein sequences in N-terminus (N) and C-terminus (C) of precursor protein, intein
sequence, and 6x His-tag (His) at both N-terminus and C-terminus. Middle: predicted sizes of proteins from recombinant ORFs. Bottom: protein splicing. Crude extracts of IPTG-
induced-E. coli containing precursor and spliced proteins were resolved by SDS-PAGE and visualized by Coomassie Blue staining (A) or Western blot using anti-His (B), anti-
CP1201ThyX (C), and anti-CP1201Ter (D) antibodies. Position of the spliced protein is marked with a black dot, and the intein with a black triangle.
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Escherichia coli DH5α was used as the host for routine plasmid
propagation and DNA cloning procedure. E. coli cells harboring
plasmids were cultivated at 37 °C in Luria–Bertani (LB) medium
supplemented with ampicillin (100 μg/ml).
Puriﬁcation of phage DNA
C. glutamicum NCHU 87078, grown overnight in CM medium, was
transferred to TYG medium at 1% and incubated at 30 °C to A600 of 1.0.
P1201 was added at a multiplicity of infection of 0.1 PFU/bacterium.
The lysate was cleared by centrifugation at 10,000 ×g for 20 min and
was treated with DNase and RNase (1 μg/ml) at 37 °C for 40 min and
then ﬁlter-sterilized with a 0.45 μm ﬁlter. P1201 was precipitated with
0.4 M NaCl and 10% (w/v) polyethylene glycol 8000 and incubated in
ice for 1 h. Phages were collected by centrifugation at 10,000 ×g for
20 min. Phage DNAwas puriﬁed by the phenol-chloroform extraction
method as described (Sambrook et al., 2001).
DNA sequencing
Puriﬁed phage genomic DNAwas hydrodynamically sheared using
a HydroShear (Gene Machines, Sancarles, CA, USA). DNA fragments of
0.5 to 1.5 kb in size were cloned into the EcoRV site of pBluescript II SK
(−) and then introduced into competent cells of E. coli DH5α.
Individual clones were sequenced by Genomics Co. (Taipei, Taiwan).
Closure of gaps was accomplished by primer walking. Approximately
8-fold sequence coverage was achieved. The genome sequence was
ﬁnalized by determining the cos sequence with a sequence run-off
experiment using oligonucleotides PhB72 (5′-GGTGGGATCTCTTC-
GATCTGG-3′) and PhF72 (5′-CAACCCTAACTAAGCCAAGCC-3′); the
primers lie 368 bp from the 5′ end and 165 bp from the 3′ end,
respectively, of the linear P1201 genome. Comparisons of thenucleotide sequences with the ligated phage ends should either
show a duplication of a short nucleotide sequence corresponding to a
5′ single-stranded extension, or a gap from a 3′ protruding cohesive
end.
Analysis of sequence
ORFs in the ﬁnal genome sequences were predicted using Vector
NTI (version 6.0; InforMax, Inc., Bethesda, Md.). Putative proteins were
searched against the database using BLASTP and PSI-BLAST algo-
rithms. Protein family allocations were performed by using the search
programs for conserved domain database (CDD) (http://www.ncbi.
nlm.nih.gov/Structure/cdd/cdd.shtml). Putative tRNA genes were
found by tRNAscan-SE (http://www.genetics.wustl.edu/eddy/
tRNAscan-SE/). Transmembrane helices were predicted using
TMHMM at http://www.cbs.dtu.dk/services/TMHMM-2.0/. Trans-
membrane proteins were detected using the Biology WorkBench
Server (http://workbench.sdsc.edu/).
Electron microscopy
Uranyl acetate (1% in methanol) was employed as the staining
medium. Carbon-coated Formvar grids of 200 mesh were used as
specimen supports. P1201 suspensionswere applied asdroplets directly
to the grid for 30 s, drainedwith ﬁlter paper, subjected to uranyl acetate
for 30 s and then drained. After 1 h drying, grids were examined in an
electron microscope (Hitachi H-600) at 75 kV. Micrographs were taken
at electronic magniﬁcations of 120,000 and 150,000.
Analysis of structural proteins
Phage proteins were separated on 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted
232 C.-L. Chen et al. / Virology 378 (2008) 226–232onto a PreSorb Immobilon polyvinylidene diﬂuoride membrane. The
membrane was stained with Coomassie Brilliant Blue R250. Protein-
containing bands were subjected to N-terminal amino acid sequen-
cing by automated Edman degradation. Each band of interest in the
SDS-PAGE analysis was also excised from the gel for in-gel digestion
according to methods described previously (Gharahdaghi et al., 1999;
Terry et al., 2004). Nanoscale capillary LC-MS-MS analysis of the
trypsin-cleaved materials (Lo et al., 2007) was performed to identify
the structural proteins from P1201. Chitinase and chitosanase ac-
tivities were assayed according to the procedures described by Wang
et al. (2002) and Chiang et al. (2003), respectively. Concentrations of
GlcNAc and its oligomers in the reaction were determined by HPLC as
described (Lee et al., 2007).
Nucleotide sequence accession number
The sequence of P1201 has been deposited in GenBank under
accession number DQ499600.
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